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ABSTRACT

Low-permeability heavy oil reservoirs are characterized by poor flowability, generally mandating hy-
draulic fracturing to commence production. CO, huff-n-puff in fractured reservoirs is an effective
enhanced oil recovery method. This paper uses nuclear magnetic resonance imaging to elucidate the role
of propped and unpropped fractures on CO, huff-n-puff in cores under different confining pressures. In
presence of fractures, significant improvement in the rate of early stage oil recovery is observed, up to
0.255 mL/min. Fractures enlarge the contact area between CO, and the heavy oil, hence improve CO,
dissolution and oil flowability. Fractures improve oil recovery from micropores, small pores, and mes-
opores, as well as reduce CO, consumption ratio. The oil recovery factor in propped fractures is signif-
icantly higher than that in unpropped fractures, and with higher oil recovery from small pores and
mesopores. The oil recovery in fractured cores noticeably decreases with increasing confining pressure.
The extent of fracture closure increases and the matrix pore throats compress under pressure leading to
lower apparent permeability. The decrease in oil recovery factor is more pronounced in unpropped
fractured cores. A relationship between the apparent permeability of the fracture aperture is derived
based on the modified cubic law of percolation to quantitatively characterize the fracture. Additionally,
both the reduction in heavy oil viscosity and the increase in experimental temperature and pressure can
improve the CO, huff-n-puff oil recovery factor in fractured cores.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

1. Introduction

reservoirs often contain thin interbedded layers of loose sand-
stones and low-permeability tight sandstones. Most low-

Low-permeability heavy oil reservoirs are abundant and contain
large reserves (Li et al., 2024a; Wan et al., 2020; Wang et al., 2023),
hence serve as an important alternative for late stage oil field
development. However, in addition to their low-permeability, these
reservoirs are impacted by deep burial and high fluid viscosity.
Accordingly, low-permeability reservoirs display production char-
acteristics of high initial rates followed by a rapid decline (Cao et al.,
2021; Sun et al.,, 2023; Zhu et al., 2023; Zhou et al.,, 2024). These
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permeability heavy oil reservoirs require reliable reservoir stimu-
lation leading to well-planned hydraulic fracturing in order to in-
crease their permeability (Altawati et al., 2022; Wei et al., 2020a;
Zhang et al., 2021a; Li et al., 2024b).

Hydraulic fracturing induces two main types of fractures: tensile
fractures and shear misalignment fractures (Cheng and Milsch,
2021; Lu et al., 2020; Ojha et al,, 2024). Tensile fractures are the
main and branch fractures. They can be propped by proppant to
maintain open fractures when fracturing is complete. Shear
misalignment fractures are relatively dislocated induced unpropped
fractures that cannot be completely closed owing to geostresses. The
fracture network in the reservoir after hydraulic fracturing consists
of propped fractures near the wellbore and unpropped fractures
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farther from the wellbore (Ahamed et al., 2021; Jia et al., 2022; Lu
et al,, 2022). Laboratory studies have shown that the conductivity
of unpropped fractures is numerically on the same order of magni-
tude as that of fractures with single-layer proppant, and even under
high closure stress, unpropped fractures can still contribute signifi-
cantly to oil recovery (Ribeiro et al., 2017). Unpropped fractures are
primarily formed through shear slippage in the reservoir during the
fracturing process. As the slippage increases, the conductivity of
unpropped fractures gradually improves (Fredd et al., 2001). How-
ever, excessive slippage may reduce the roughness of the fracture
walls and potentially lead to closure of the fractures. Additionally,
under the influence of closure stress, the deformation and closure of
unpropped fractures significantly alter the internal flow regions and
reduce the fracture conductivity (Cook, 1992; Kamali and Pournik,
2016; Pyrak-Nolte and Morris, 2000), thus weakening the frac-
turing stimulation effect. Consequently, unpropped fractures pro-
vide a certain level of conductivity. However, the mechanisms for
maintaining this conductivity as well as the impact of fracture
opening and closing trends on fluid flow within the reservoir still
need further investigation.

The deep burial of low-permeability heavy oil reservoirs reduces
oil recovery and increases operational costs, especially for conven-
tional thermal production methods. CO, huff-n-puff (HnP) cold
production is regarded as a viable heavy oil production technique,
notable for its minimal resource consumption, scalability, and
effectiveness. CO; can substantially reduce the viscosity of heavy oil,
thereby improving reservoir fluid flowability (Li et al., 2020a; Zhou
et al, 2018, 2019b, 2022). Meanwhile, greenhouse gas emission
reduction through capturing and trapping CO, is a growing practice
(Lietal, 2022; Melzer, 2012; Zhu et al., 2024). The CO, HnP process,
combined with multistage hydraulic fracturing technique, not only
overcomes the challenges of low injectivity of the fluid medium in
low-permeability reservoirs but also effectively prevents the
occurrence of gas channeling (Lv et al,, 2024; Wei et al.,, 2020b).
Compared to conventional water-based EOR methods, CO, HnP can
address the water channeling issues encountered during water
flooding after fracturing, while also resolving the high costs and
strict application conditions associated with polymer flooding or
foam flooding. In particular, CO, HnP technology has yielded favor-
able results in both laboratory experiments and oil field production
(Bao et al., 2023; Zhang et al., 2024). Laboratory experiments found
that the matrix oil recovery factor for fractured core ranged from
50.5% to 74.3% through multiple cycles of CO, HnP experiments,
while for fracture-free cores, the oil recovery factor ranged from
18.5% to 31.2% (Zhu et al., 2021). Additionally, in a numerical simu-
lation of CO, HnP in the Bakken reservoir, the oil recovery factor
increased by more than 9% after 30 years of production (Yu et al.,
2014). Similarly, after multiple cycles of CO, HnP in the Jimsar
reservoir, the oil recovery increased by 9.4% (Cao et al., 2023).

The primary mechanisms of enhance oil recovery (EOR) of CO;
HnP in heavy oil reservoirs are viscosity reduction and oil swelling.
The higher the initial viscosity of the heavy oil, the greater the
reduction in viscosity through CO, dissolution (Khatib et al., 1981;
Sayegh and Maini, 1984). In addition, the dissolution of CO, in heavy
oil induces volumetric expansion, which increases the pore pressure,
thereby improving the driving force and facilitating the recovery of
residual oil (Tharanivasan et al., 2006). Moreover, oil swelling en-
hances the oil saturation leading to an increase in oil relative
permeability, which in turn enhances the oil phase fractional flow
during the production stage (Grogan and Pinczewski, 1987). CO;
diffusion is also a critical EOR mechanism for CO, HnP in heavy oil
reservoirs. Although the diffusion coefficient of CO, in heavy oil
reservoirs is lower than in tight oil reservoirs, CO, diffusion still plays
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an important role during the soaking stage of the HnP process (Yuan
etal., 2017a). During the injection stage of HnP, CO injected into the
reservoir interacts only with the heavy oil near the wellbore. How-
ever, in the subsequent soaking stage, CO, gradually diffuses and
dissolves into the heavy oil at more distant locations. This process
supplements viscosity reduction and oil swelling, thereby expands
the sweep area of CO, and enhances heavy oil recovery (Huang et al.,
2016; Yuan et al., 2017b). Dissolved CO, drives oil recovery when
pressure drops during the production stage through foamy oil flow
(Liu et al., 2013; Or et al., 2016; Sheng et al., 1999).

Literature on the application of CO, HnP in heavy oil reservoirs
primarily focuses on the EOR mechanisms. Additionally, there are
numerous studies of the impact of fracture geometry on CO, HnP
efficiency in low-permeability or tight reservoirs, including
experimental studies of wire-cut fracture geometry and numerical
simulation studies of fracture geometry. Larger fracture length and
width are more favorable for the CO, HnP process because they
provide more contact area with the reservoir, allowing CO, to
diffuse into a larger portion of the reservoir and resulting in a
higher recovery factor (Yu et al., 2015). Through CO, HnP experi-
ments on cores with different intersection angles of the fracture, it
was found that the core with a horizontal fracture had the highest
oil recovery. When the intersection angles of the core fractures
were 90°, 68°, and 43°, CO, HnP had little effect on the ultimate oil
recovery. However, due to changes in the conductivity of the entire
core, significant differences in oil recovery were observed during
the first two cycles (Li et al., 2019). In the single perforation stage,
two fractures yield a higher oil recovery than the single fracture, as
well as configurations with three or four fractures. This is attributed
to the larger CO; invasion area associated with two fractures
compared to other configurations. And the distance for CO, inva-
sion along the fractures decreases with the increasing number of
fractures, which might be resulted from the fracture interference
(Yuetal,, 2014). The fractured core experiments also confirmed that
more fractures do not necessarily lead to higher oil recovery. Core
permeability and the process of creating fractures are likely to be
important factors affecting recovery (Yu et al, 2021). Fracture
connectivity is also a critical factor affecting reservoir development
after hydraulic fracturing. Numerical simulation studies have
shown that good fracture connectivity leads to enhanced fracture
conductivity, which in turn improves the oil recovery factor and
CO; utilization efficiency during CO, HnP (Wei et al., 2021; Zhao
et al, 2018). In addition, the mechanical properties of the rock
also have a significant impact on the conductivity of hydraulic
fractures. Laboratory experiments have shown that higher Young's
modulus and lower Poisson's ratio indicate greater rock brittleness,
which enhances fracture conductivity and thus improves the oil
recovery (Xie et al., 2020). However, there is limited research on
CO; HnP laboratory experiments under the conditions of hydraulic
fractures (propped and unpropped). In this paper, we highlight the
importance of fractures in CO, HnP for low-permeability heavy oil
reservoirs with propped and unpropped fractures under different
confining pressures. A relationship between the apparent perme-
ability of the fractured cores and the fracture apertures is derived.
The production dynamic from the core samples is monitored using
nuclear magnetic resonance (NMR) to enable the derivation of such
arelationship. This research is essential to the understanding of CO;
HnP production in fractured low-permeability heavy oil reservoirs.
Additionally, the effects of other factors such as oil viscosity, tem-
perature, and pressure on the CO; HnP oil recovery factor in frac-
tured cores are also investigated.
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2.

2.1

oil

Experimental methods
Materials

The oil samples were prepared from dehydrated degassed crude
of a low-permeability heavy oil reservoir block in the Xinjiang

Oilfield, mixed with kerosene. The oil sample has a density of
0.9126 g/cm? and a viscosity of 344.67 mPa-s at the formation
temperature of 70 °C. The viscosity—temperature curve of the oil is
shown in Fig. 1.

by
Ch

The core samples were low-permeability sandstones provided
Beijing Tiandi Kaiyuan Geological Technology Co., Ltd. (Beijing,
ina). The petrophysical properties of the cores were similar to

those of the low-permeability heavy oil reservoirs in the Xinjiang
Oilfield, as shown in Table 1. CO, (> 99.8% pure) was supplied by
Qingdao Hengyuan Gas Co., Ltd. (Qingdao, China).

2.2. Experimental setup

by

The core holder used in the HnP experiments was manufactured
Jiangsu Haian Scientific Instrument Co., Ltd. (Jiangsu, China),

with a maximum pressure resistance of 40 MPa and a maximum
temperature resistance of 200 °C. An ISCO plunger pump (Model
100DX, Teledyne Co., Ltd., USA) was used to saturate the core with
heavy oil and provide injection pressure during the injection stage
of the HnP experiments. A schematic representation of the CO, HnP
experimental setup is shown in Fig. 2.

The viscosity of crude oil at different temperatures was

measured using an MCR-302 Anton Paar rheometer (Anton Paar,

Au

stria). The core fracturing device, manufactured by Jiangsu Haian

Scientific Instrument Co., Ltd. (Jiangsu, China), was used to create
the different fractures. The fractures produced by this device were
continuous along the axial direction of the core, with morpholog-
ical characteristics similar to in-situ fractures in the formation. The
core fracturing procedure is provided in the Supplementary
Material. The VHX6000 3D microscope (frame rate 15—50 frames/
s, Keyence, Japan) was used to observe the fracture morphology and
measure the surface roughness in different areas of the fractures.

Viscosity, mPa-s

12000 +

10000 +

8000

6000

4000 +

2000

20 30 40 50 60 70 80

Temperature, °C

Fig. 1. Viscosity—temperature curve of the crude oil at a shear rate of 170 s™.
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MesoMR23-060 NMR imaging system was used for core imaging
(Suzhou Niumag Analytical Instrument Corporation, Suzhou,
China). This equipment features an independent pulse control
module and a radio frequency (RF) transmission and reception
circuit, significantly improving the accuracy and stability of the
pulse sequences and the signal-to-noise ratio of the NMR signals. It
allows for precise characterization of fluid signals in pore sizes
ranging from 2 nm to 1 mm. Mercury intrusion pore size analyzer,
PoreMaster 60 (Anton Paar, Austria), was used for the mercury
intrusion test, with a pore size measurement range of from 3.6 nm
to 1100 pm.

2.3. Experimental procedures

The low-permeability cores used in the experiments were
placed in an oven and dried at 105 °C for 12 h before being removed
to measure the dry weight. Subsequently, cores were placed into a
high-temperature and high-pressure intermediate container, and
vacuum was applied for 24 h using a vacuum pump. Following
vacuuming, heavy oil was injected into the intermediate container,
where the plunger pump was set at constant pressure for 24 h after
the pressure was increased to 20 MPa. No decrease in pressure was
observed in the intermediate container, indicating that the cores
were fully saturated with heavy oil. The oil saturated cores were
then removed, the wet weight was measured, and the T, spectra
were determined using NMR. Additionally, a core sample from the
same block with identical permeability was selected for mercury
intrusion test to convert T, into core pore sizes.

Before the NMR testing, the MesoMR23-060 NMR imaging
system was preheated to ensure that the probe and magnet
maintained a constant temperature. Once the system stabilized, the
core sample was placed inside a glass tube and positioned in the
sample chamber, ensuring that the center of the sample aligned
with the center of the magnetic field. The CPMG sequence was
selected, and the specific testing parameters were set as detailed in
Table 2. The measurement was then initiated. The echo train signals
collected with the CPMG sequence were inverted to obtain the T,
spectrum.

The heavy oil saturated cores were fractured according to the
experimental scheme shown in Table 1. The fractured cores were
placed in the core holder, as shown in Fig. 2. The temperature was
adjusted to 70 °C, corresponding to the reservoir temperature, and
the initial pressure of the cores was set to 16 MPa. After aging the
cores for 12 h, high-pressure CO, was continuously injected into the
core holder from the injection end at a constant pressure of 16 MPa
for 3 h, while simultaneously adjusting the confining pressure to
4 MPa higher than the core pressure. Following CO; injection, the
injection valve was closed, and the decrease in water volume within
the pump was recorded, representing the volume of CO; injected at
16 MPa. And the cores were soaked for 12 h. The density of CO, at
16 MPa and 70 °C can be obtained from the website of the National
Institute of Standards and Technology (NIST), allowing the mass of
the injected CO, to be determined. Then, the injection valve was
opened, and the oil was produced at the same production rate
controlled by the valve. The weight of the oil was measured real-
time using a balance, and the oil production data as well as pres-
sure data were recorded at different times. The experiment was
stopped when the pressure decreased to 1.5 MPa, signaling the
maximum oil recovery for a given cycle. Three cycles were run by
repeating the above HnP steps. The cores were subjected to NMR
analysis to determine the change in pore oil content after each HnP
cycle. The cores were then replaced according to the experimental
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Table 1
The parameters of the core samples.

Petroleum Science 22 (2025) 1200—1213

Core No. Length, mm Diameter, cm Permeability, mD Saturated oil, mL Fracture condition
#1 60.24 2.52 25.61 412 Fracture-free core
#2 60.32 2.50 24.86 421 Single fracture core
#3 60.28 248 24.24 4.30 Single fracture core with end surface sealed
#4 60.14 2.46 24.54 4.26 Propped fracture core
#5 60.18 2.54 25.10 4.21 Propped fracture core
#6 60.20 2.52 25.72 4.08 Unpropped fracture core
#7 60.22 2.50 25.80 423 Unpropped fracture core
#8 60.18 2.46 25.08 4.18 Propped fracture core
#9 60.10 2.50 26.08 415 Propped fracture core
#10 60.24 2.52 25.50 4,03 Unpropped fracture core
#11 60.14 2.50 2543 4.23 Unpropped fracture core
#12 60.10 2.54 25.80 411 Propped fracture core
#13 60.22 2.52 2541 4.02 Propped fracture core
#14 60.19 2.56 24.76 3.89 Propped fracture core
#15 60.26 2.52 25.16 4.32 Propped fracture core
#16 60.07 2.50 25.99 4.26 Propped fracture core
#17 60.16 2.50 24.89 418 Propped fracture core
TS T T T T T T T T T T T T T T T T T " R Precatite T T
Temperature ! ) 1
control : Electronic :
. balance !
1 Pressure 1
' gauge !
1 1
1 1
1 1
1 1
1 1
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ol CO; |
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! Pressure : !
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Fig. 2. Schematic diagram of the CO, HnP experimental setup.
Table 2
The parameters of CPMG sequence.
Parameter Description Value
SF, MHz Spectrometer frequency 21
01, Hz Spectrometer frequency offset of the first channel 239824.5
P1, ps The width of 90-degree RF pulse 19
P2, ps The width of 180-degree RF pulse 37.04
TW, ms The waiting time between two scans of sampling data 4000
RFD, ms Time interval between 90-degree RF and the beginning of signal acquisition 0.08

scheme, and the HnP experiments were repeated to compare
different fracture conditions.

3. Results and discussion
3.1. Effect of fracture conditions on CO, HnP

CO, HnP experiments were conducted on core samples with
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fracture-free, single fracture, and single fracture with end surface
sealed. Fig. 3 shows the variations in oil recovery rate and oil re-
covery factor with production pressure during the CO, HnP process
under different fracture conditions.

During the production stage, the rate of oil recovery increases
followed by a decrease coinciding with the decreasing production
pressure, for all the different runs. The production stage of CO, HnP
in the fracture-free core can be divided into three stages. Initially,
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Fig. 3. Variations in oil recovery rate and oil recovery factor with production pressure for different fracture conditions: (a) fracture-free core, (b) single fracture core, and (c) single

fracture core with end surface sealed.

during the early stage of production, the oil recovery rate is rela-
tively low, resulting in a lower oil recovery factor. In the middle
stage of the HnP production step, the oil recovery rate gradually
increases with the decreasing pressure. The maximum oil recovery
rate of 0.118 mL/min is achieved at 12 MPa during the first cycle,
after which the oil recovery rate gradually decreases. In the later
stage of the production step, the oil recovery rate remains relatively
low and gradually decreases to zero. The injected CO; in the core is
mainly in the form of free CO; and dissolved CO; in the heavy oil. In
the early times of the HnP production stage, due to the high pres-
sure inside the core, a small portion of heavy oil is carried out by
free CO,. At this point, due to the high viscosity of the heavy oil, the
produced fluid is mainly free CO,. The oil recovery factor is,
therefore, low in the initial production stage. With the release of
free CO,, the pressure inside the core gradually decreases and the
CO; originally dissolved during the soaking stage gradually sepa-
rates. However, due to the high viscosity of the heavy oil, the
separated CO, disperses within the heavy oil, giving rise to foamy
oil, which increases the elastic energy of heavy oil and enhances the
oil recovery rate and oil recovery factor. As the pressure decreases
further, the oil recovery rate gradually decreases. When the pres-
sure inside the core drops to 1.5 MPa, the subsequent HnP cycle
begins.

The presence of fracture within the core significantly increases
the oil recovery rate during the early and middle HnP stages of the
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production step. In the first HnP cycle for the single fracture core,
the oil recovery rate peaks at 0.255 mL/min when the injection
pressure decreases to 12 MPa, far higher than that of the fracture-
free core. The maximum oil recovery rate of the single fracture
core with end surface sealed is higher, 0.262 mL/min, however its
duration is short. The oil recovery rate declines rapidly after
reaching this peak. During the early stage of production, heavy oil
surrounding the fracture is rapidly produced, leading to a rapid
decrease in core pressure. This causes the oil recovery rate to reach
its peak early, with the maximum oil recovery rate slightly
exceeding that of the single fracture core. However, due to the
sealed end surface, once the easily recoverable oil surrounding the
fracture is depleted, the oil located farther from the fracture or near
the core's end surface can only be produced through the fracture.
This significantly increases flow resistance, resulting in a sharp
decline in the oil recovery rate after the peak. In the fractured cores,
the fractures increase the contact area between CO, and heavy oil,
allowing more CO>, to directly interact with the oil, hence reducing
the viscosity of the heavy oil. During the injection stage of CO, HnP,
under the effect of the pressure differential, CO, displaces the crude
oil from the macropores around the fracture into the fracture
through Darcy's flow, while simultaneously transmitting pressure
deeper into the fracture and the adjacent matrix. Additionally,
during the soaking stage of the CO, HnP process, CO, gradually
dissolves into the crude oil in contact and diffuses into the crude oil



D. Zhu, B.-F. Li, L. Zheng et al.

within the deeper pores of the matrix. Therefore, during the pro-
duction step, the heavy oil containing dissolved CO, in larger pores
quickly flows into the fracture. In the meantime, the distance and
flow resistance toward the fluid in the smaller pores as it flows
through the larger pores into the fracture are significantly reduced.
Consequently, the oil recovery rate substantially increases in the
early and middle stages of the production step. Additionally, the
CO; HnP oil recovery factor of the single fracture core with the end
surface sealed is also higher than that of the fracture-free core. This
indicates that during the injection stage, CO, entering the matrix
through the fracture is more effective than entering through the
end surface of the core, further emphasizing the importance of
fractures in the CO, HnP process. In fracture-free cores, the heavy
oil can only flow through pores and throats. As the distance from
the production end increases, the flow resistance to heavy oil also
increases significantly. Subsequently, the heavy oil is unable to
reach the production end leading to noticeably lower oil recovery
factor compared with the fractured cores.

By conducting NMR analysis on the cores before and after the
HnP runs, the variation in hydrogen signal within the cores under
different relaxation times can be obtained. Coupling the NMR
analysis with the pore radius distribution results obtained from
mercury intrusion experiments enables converting the relaxation
time on x-axis into pore radius. The specific conversion process and
the conversion coefficient calculation are provided in the
Supplementary Material. Additionally, the ratio of the hydrogen
signal in specific size pores to the total hydrogen signal of the
saturated oil core is taken as the oil saturation in the specific size
pores. Accordingly, the distribution of oil saturation in pores of
different sizes is determined. The characteristics of the T, curves
from NMR analysis of the saturated oil core samples suggest good
connectivity between the pores of the low-permeability core in the
experiments (Zhang et al., 2021b). The heavy oil is primarily
distributed within pores with radii ranging from 0.02 to 20 pm. The
literature describing pore sizes in low-permeability and tight oil
reservoirs is inconsistent in the classification standards (King et al.,
2015). In this study, we rely on the pore classification system rec-
ommended by Qian et al. (2020), as the physical properties of their
core samples are similar to those used in our experiments. Based on
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Fig. 4. NMR results of low-permeability cores with CO, HnP under different fracture
conditions.
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the pore radius, pores can be classified into four types: micropores
(radii < 0.05 pum), small pores (radii from 0.05 to 0.5 pm), meso-
pores (radii from 0.5 to 5 pm), and macropores (radii > 5 pm).

The NMR results for low-permeability cores under different
fracture conditions are shown in Fig. 4. Fig. 4 suggests that the
heavy oil primarily resides within the small pores, mesopores, and
macropores of the saturated core. Following the first HnP cycle in
the fracture-free core, a significant decrease in signal amplitude in
the mesopores and macropores is observed. The amplitude in the
small pores suffered minimum decrease, whereas the amplitude in
the micropores did not change. Under fracture-free condition,
heavy oil is primarily produced from the mesopores and macro-
pores. For the single fracture core, the small pores and mesopores
exhibit more pronounced decrease in heavy oil saturation
compared with the fracture-free core. The presence of a fracture
increases the sweep area of CO,, allowing it to diffuse into the
mesopores and the small pores at the distal end of the core, hence
significantly enhancing oil recovery. Additionally, the NMR signal
curve of the single fracture core shows a slight left shift following
HnP indicating that the injected CO, reached and mobilized the oil
in the smaller pores of the core. As shown in Fig. 4, the single
fracture core with end surface sealed still achieves considerable oil
recovery factor, and the heavy oil from the mesopores and mac-
ropores of the core is primarily produced. Unlike the fracture-free
core, the majority of the heavy oil recovered is from the meso-
pores and the macropores surrounding the fracture of the single
core with end surface sealed. In the injection step, CO; can displace
the crude oil in the large pores around the fracture under the effect
of differential pressure, and during the soaking step, CO, within the
macropores can gradually diffuse into nearby mesopores. Conse-
quently, during the production stage, the heavy oil with the dis-
solved CO; in both macropores and mesopores can be produced
through the fracture. In contrast, in the fracture-free core, the heavy
oil primarily comes from the mesopores and macropores near the
injection end of the core, mainly due to the difference in the sweep
area of CO,. In addition, the presence of the fracture significantly
reduces the residual oil saturation in small pores and mesopores.
This indicates that the fracture allows CO, to effectively diffuse into
these smaller pores and mesopores, enhancing oil recovery during
the production stage. Moreover, these small pores and mesopores
can serve as storage space for the injected CO,, allowing CO, to
diffuse into further regions of the core in subsequent cycles. This
process improves the oil recovery degree of small pores and mes-
opores over multiple HnP cycles.

Based on NMR results, the extent of oil recovery from various
pores in low-permeability cores under different fracture conditions
is calculated and presented in Fig. 5. The highest extent of oil re-
covery occurs in the macropores of the three cores. The extent of oil
recovery from micropores, small pores, and mesopores is greater in
the fractured cores. Notably, the increase in the extent of oil re-
covery from small pores is the most significant, from 12.52% to
26.82%. In presence of a fracture, the sweep range of CO; increases.
Once CO; enters the macropores surrounding the fracture, it can
mobilize more oil from the connected mesopores and small pores
through diffusion and extraction. Due to the extensive sweep area
of CO,, combined with the high viscosity and poor flowability of the
oil, the heavy oil produced from small pores at the distal end of the
core may remain in the macropores surrounding the fracture. Thus,
a slight decrease in the extend of oil recovery from the macropores
of the single fracture core occurs.

Oil recovery factor and gas consumption ratio under different
fracture conditions are shown in Fig. 6. Eq. (1) presents the gas
consumption ratio (Li et al., 2022).



D. Zhu, B.-F. Li, L. Zheng et al.

70
l:l Micropores
:l Small pores
E Mesopores
:] Macropores

60

50 A

40 A

30 A

Oil recovery degree, %

20 A

#1 #2
Core No.

Fig. 5. Oil recovery degree in different size pores of low-permeability cores during CO,
HnP experiments under different fracture conditions.

40

40

35 A

31.65

r 32
30 A

23.97

25 A
r 24

20 1

Oil recovery factor, %
Gas consumption ratio, g/g

Core No.

Fig. 6. Oil recovery factor and gas consumption ratio of CO; HnP in low-permeability
cores under different fracture conditions.

mg

N=—
Mo

(1)

where N is the gas consumption ratio, g/g; mg is the mass of the
injected gas, g; m, is the mass of the produced oil, g.

Fig. 6 indicates that the presence of fracture not only enhances
the oil recovery factor but also reduces the CO, gas consumption
ratio, with the average gas consumption ratio over three cycles
decreasing from 13.52 to 11.28 g/g. Although the fracture can serve
as a storage site for the gas, the enhanced oil recovery compensates
for the CO, consumption, rendering CO, HnP technique more
economical. In addition, for more cost-effective application of CO;
HnP technology, it is recommended to target reservoirs that are in
close proximity to CO; sources, reducing transportation costs and
improving economic efficiency. Therefore, in the actual develop-
ment of low-permeability or tight reservoirs, combining hydraulic
fracturing with CO, HnP can further optimize the production pro-
cess. After hydraulic fracturing and spontaneous imbibition, CO;
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HnP not only replenishes reservoir energy but also takes advantage
of the fractures generated during fracturing. The presence of these
fractures significantly increases the contact area between CO; and
oil, thereby enhancing oil recovery. Additionally, the fractures
facilitate the injection of CO, into the depths of the reservoir,
helping to mobilize trapped oil that would otherwise be inacces-
sible. The combination of fracturing and CO; injection makes oil
production more economical, as it not only improves oil recovery
but also reduces CO, gas consumption. By leveraging the combined
benefits of fracture creation and CO, injection, operators can ach-
ieve more sustainable and cost-effective oilfield development.

3.2. Effect of propped and unpropped fracture

The above experimental results demonstrate that the presence
of fracture can significantly enhance the oil recovery factor of heavy
oil from low-permeability cores. However, in actual hydraulic
fracturing processes, influenced by factors such as geostress, rock
strength, and natural fractures, a variety of complex fracture net-
works form. Primary fractures are propped by proppants, whereas
secondary fractures are unpropped and are created by shear slip-
page. Both primary and secondary fractures possess certain con-
ductivity under the effect of the closing stress. However, the
conductivity of unpropped fractures decreases gradually with
pressurization time, and the rate of decrease slows over time. This
work systematically investigates the impact of propped and
unpropped fractures on the effectiveness of CO, HnP, as shown in
Fig. 7.

Oil recovery factor for each cycle of the HnP in 20-mesh prop-
pant propped fracture core (Core #4), 40-mesh proppant propped
fracture core (Core #5), 1.5-mm slippage unpropped fracture core
(Core #6), and 3.0-mm slippage unpropped fracture core (Core #7)
are shown in Fig. 8. And the sand concentration for all propped
fracture cores was kept constant at 1.5 kg/m? The oil recovery
factor in propped fracture cores is significantly higher than in
unpropped fracture cores, while both are higher than in a single
fracture core. The 20-mesh proppant propped fracture core ach-
ieved the highest oil recovery factor of 38.44%, representing an
increase of 6.79% compared to the single fracture core. Accordingly,
for the same proppant fraction, the 20-mesh proppants provide
better support than the 40-mesh proppants. The pores between the
proppants are larger for fractures propped by larger-size proppants,
thus enhancing the conductivity of the fracture. Proppant-filled
fracture can take full advantage of the fracture, maintaining a
higher fracture aperture under higher confining pressures. The
fractures serve as storage sites for CO,, allowing more CO; to be
injected into the core. More CO, maintains the pressure within the
core while enhancing the interaction with the heavy oil, hence
increasing the oil recovery factor. The oil recovery factor of the 1.5-
mm slippage unpropped fracture core is only slightly higher, 0.80%,
than that of the 3.0-mm slippage unpropped fracture core. The
conductivity of the fracture produced by shear misalignment pri-
marily depends on the roughness of the fracture surfaces following
the application of the closing pressure (Ghanizadeh et al., 2016;
Sharma and Manchanda, 2015; Wang and Sharma, 2018). Under the
confining pressure of 20 MPa, the roughness of the fracture in the
two unpropped experimental cores is not significantly different,
hence the oil recovery factor shows only minor variations.

NMR test results of HnP for the 20-mesh proppant propped
fracture core and the 1.5-mm slippage unpropped fracture core are
shown in Fig. 9. Heavy oil from small pores and mesopores in the
20-mesh proppant propped fracture core is significantly greater
than that in the unpropped fracture core, while the difference in oil
recovery from the micropores and the macropores are minimal.
Under the confining pressure of 20 MPa, the aperture of the
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Fig. 7. Experimental cores with propped fractures and unpropped fractures.
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Fig. 8. Oil recovery factor of CO, HnP from propped and unpropped cores.

propped fracture is greater than that of unpropped fracture,
allowing more CO; to enter the macropores of the core along the
fracture during the injection stage of CO, HnP. The fracture also
works as a storage site, holding more CO,. During the soaking step,
CO; diffuses into more of the small pores and mesopores, resulting
in a higher oil recovery from these pores. Additionally, compared to
the saturated oil NMR curve, the NMR curve for the 20-mesh
proppant propped fracture starts to decrease at a smaller pore
size, indicating that the lower limit of pore sizes accessible by CO,
in the core has decreased, allowing the oil recovery of heavy oil
from smaller pores.

For the actual fracturing processes, both propped and unprop-
ped fractures may close under high geostresses, hence reducing the
conductivity and greatly affecting the oil recovery factor. Therefore,
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Fig. 9. NMR test results of CO, HnP for the 20-mesh proppant propped fracture core
(Core #4) and the 1.5-mm slippage unpropped fracture core (Core #6).

it is essential to conduct HnP experiments on fractured cores under
different confining pressures. In this study, varying confining
pressures (20, 30, 40 MPa) are used to simulate the closure pres-
sures, with Core #8 and Core #9 for the propped fracture and Core
#10 and Core #11 for the unpropped fracture.

Qil recovery factor in low-permeability cores under different
confining pressures are illustrated in Fig. 10. Fig. 10 suggests that
with increasing confining pressure, the oil recovery factor signifi-
cantly decreases. While the permeability of the fracture decreases,
the matrix pore throats are also compressed. Under the influence of
the stress, rock particles are compressed, undergo relative
displacement, and rearrange, leading to reduced average pore
radius and average throat radius. Consequently, the matrix
permeability decreases and the oil recovery factor declines (Guo
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et al,, 2013; Wang and Sharma, 2018; Zhou et al., 2019a). The
reduction in the oil recovery factor is more pronounced in
unpropped fracture cores with increasing confining pressure.
When the confining pressure rises from 20 to 40 MPa, the oil re-
covery factor decreases by 7.11%. In presence of proppants, the
fractures cannot be completely closed under the influence of the
confining pressure and can still maintain a significant aperture.
Unlike propped fractures, unpropped fractures primarily rely on
point contacts and have strong stress sensitivity. As the closure
pressure increases, many micro-protrusions on the fracture sur-
faces are crushed, causing the fracture to almost completely close at
some locations (Wang et al., 2020), as schematically shown in
Fig. 11. The most noticeable reduction in the oil recovery factor in
unpropped fracture cores occurs in the third cycle, which is also due
to the significantly reduced fracture aperture caused by prolonged
exposure to high closure pressures. Propped fractures play a crucial
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role in maintaining open flow channels over an extended period of
time by using proppants. These fractures allow for lower flow
resistance, enabling CO, or other injection agents to more effi-
ciently penetrate the reservoir, thereby enhancing oil recovery. The
sustained openness of propped fractures ensures crude oil flows
more freely, even under higher confining pressures. In contrast,
unpropped fractures tend to gradually close during production as
the reservoir pressure changes. While they can provide effective
flow channels during the early stage of production, the closure of
these fractures increases flow resistance, which can lead to a
decrease in oil recovery over time. However, unpropped fractures
can still be beneficial in the short term, particularly in lower
pressure conditions.

To quantitatively assess the impact of confining pressure on
unpropped fractures, the method proposed by Zheng (2023) has
been optimized for calculating fracture aperture and permeability

Fig. 11. Process of propped and unpropped fractures closure under stress.
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under different confining pressures. The local cubic law (LCL) is
commonly used to describe fluid flow in a single fracture, simpli-
fying the fluid as incompressible. Treating the fracture as an ideal
smooth parallel plate, using Navier—Stokes equation leads to a
distribution of flow velocities across the fracture under ideal con-
ditions. However, actual fractures often have pronounced rough-
ness. To obtain a more realistic depiction of fluid flow in rock
fractures, the LCL has been refined (Charlez, 1997; Kolditz, 2001;
Snow, 1969). Ignoring the tortuosity of the fractures, Zhang et al.
(2019) modified the LCL to

dw3

1
ar =15,[AP

(2)

0.60912
1+0.61308 (SW)

where gy is the volumetric flow rate in the fracture, pm?/s; d is the
fracture width, pum; w is the fracture aperture, um; L is the fracture
length, pm; u is the viscosity of the fluid, Pa-s; AP is the pressure
drop, Pa; S, is the absolute surface roughness, um. Based on the
revised equation, and incorporating Darcy's law along with the flow
regime of injected fluids in fractured core systems proposed by
Dong et al. (2018), Eq. (3) describes the apparent permeability of
the fractured core and the fracture aperture. The detailed deriva-
tion of Eq. (3) is given in the Supplementary Material.

_ kD [4+w? [[12 4 7.35696(Sa/w)* 02|
k=
nD/4 +w

(3)

where k is the average permeability of the fractured core (apparent
permeability), pm?; ky, is the permeability of core matrix, pm?; D is
the diameter of the core, um. The surface roughness in the equation
can be measured using a VHX6000 3D microscope. A commonly
reported method in the literature for calculating fracture aperture
is the thin-slice area method (Li et al., 2020b), as shown in the
following equation:

ow3L

¢ (4)

kf =
where ki is the permeability of the fractured core, 10~3 um?; w s the
fracture aperture, um; L is the length of the fracture, cm; S is the
thin-slice area, cm?; ¢ is a constant fracture coefficient, which is
related to the distribution of the fracture in the thin slice. This
method assumes that the fracture walls are smooth thin slices,
which leads to significant errors in the calculated fracture aperture.
Based on the modified local cubic law, the relative roughness of the
fracture walls is taken into account, and a more accurate equation
for calculating the fracture aperture is derived, as shown in Eq. (3).

Permeability tests under different confining pressures were
conducted on an unsaturated oil unpropped fracture core and a
fracture-free core, as shown in Fig. 12. Fig. 12 reveals that at the
confining pressure of 10 MPa, the measured permeability of the
unpropped fracture core is 60.93 mD, significantly higher than that
of the fracture-free core. As the confining pressure increases, the
permeability of both the fracture-free and unpropped fracture cores
markedly decreases, with the rate of decrease gradually leveling off
as the confining pressure rises.

Based on the measured matrix permeability and the apparent
permeability of the unpropped fracture core under different
confining pressure conditions, combined with the fracture surface
roughness data obtained from microscope tests, the fracture aper-
ture of unpropped fracture core under different confining pressures
can be calculated using Eq. (3), as shown in Fig. 13. With increasing
confining pressure, the fracture aperture of unpropped fracture
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core significantly decreases. When the confining pressure is
20 MPa, the fracture aperture is 27.63 pm, which reduces to
21.21 um when the confining pressure is increased to 40 MPa. The
increase in confining pressure significantly affects fracture aperture
and fracture conductivity. For propped fractures, proppants with
higher hardness can maintain a considerable fracture aperture even
under higher confining pressures, resulting in only a slight reduc-
tion in oil recovery during CO, HnP. However, the impact of
increased confining pressure on unpropped fractures is more pro-
nounced due to their strong stress sensitivity. Under high confining
pressures, the micro-protrusions on the surface of unpropped
fracture are crushed, reducing the roughness of the fracture surface
and causing closure at certain locations. This leads to a substantial
reduction in both fracture aperture and fracture conductivity. The
reduction in fracture aperture decreases the available storage space
for CO, and limits the amount of CO; injected during the injection
stage. Moreover, the partial closure of unpropped fractures restricts
the diffusion of CO; into the deeper regions of the matrix during the
soaking stage, limiting CO, penetration to only the areas
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immediately surrounding the fracture. As a result, the mobilization
of oil in the matrix farther from the fracture is less effective.
Simultaneously, the decrease in fracture aperture and conductivity,
combined with the altered CO, distribution, significantly impacts
the oil recovery factor. As the fracture aperture decreases, the oil
recovery factor also declines. Therefore, quantitatively character-
izing fracture properties is crucial for CO, HnP production in frac-
tured cores. Moreover, the research results may provide potential
references for practical oilfield production. For instance, in the
design of refracturing techniques, more emphasis could be placed
on unpropped fracture sections, or CO, injection pressures could be
appropriately increased to keep unpropped fractures open for
extended periods.

3.3. Effect of other factors on CO, HnP performance in fractured
cores

For low-permeability heavy oil reservoirs, the viscosity of the
crude oil determines the choice of development method, making
oil viscosity one of the critical factors to consider when applying
CO, HnP in the presence of fractures. Based on this, CO; HnP ex-
periments were conducted on 20-mesh propped fractured cores
with oil samples of different viscosities. The viscosity—temperature
curve for different oil samples is shown in Fig. 14. Among them, Oil
sample #1 is the same oil sample used in previous experiments,
with a viscosity of approximately 344.67 mPa-s at 70 °C. The vis-
cosities of Oil sample #2 and Oil sample #3 at 70 °C are about 506.6
and 681.8 mPa-s, respectively.

The oil recovery factors of CO, HnP experiments on propped
fractured cores with different oil samples are shown in Fig. 15. As
can be seen from the figure, the oil recovery factor decreases
significantly as the oil viscosity increases. When using Oil sample
#3, the oil recovery factor decreases to 21.17%, even slightly lower
than the oil recovery factor for CO, HnP in the fracture-free core.
The increase in viscosity greatly reduces the mobility of the crude
oil and increases flow resistance, with some heavy oil still
remaining in the fracture after HnP, unable to be carried to the
production end by CO;. Although high-viscosity oil experiences a
greater viscosity reduction after CO, injection, the viscosity is still
higher than that of conventional oil at the same temperature,
resulting in continued high flow resistance. Additionally, higher-
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Fig. 14. Viscosity—temperature curves for different oil samples.
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viscosity crude oil tends to have higher asphaltene content,
which can precipitate in the reservoir pores after multiple cycles of
HnP, contributing to the very low oil recovery factor in the third
cycle. The increase in heavy oil viscosity also impedes CO; diffusion
during the soaking stage, resulting in a lower diffusion coefficient,
which limits CO, mass transfer into the matrix farther from the
fracture. This is another reason for the decline in CO, HnP oil re-
covery factor as oil viscosity increases.

Temperature is an inherent property of the reservoir and one of
the uncontrollable factors influencing heavy oil recovery. Studying
the effect of temperature on HnP oil recovery is of great significance
for selecting CO; pilot test areas and predicting the CO, HnP per-
formance. CO, HnP experiments were conducted on 20-mesh
propped fractured cores at different temperatures (55, 70, 85 °C),
and the oil recovery factors are shown in Fig. 16. As the
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Fig. 16. Oil recovery factor of CO, HnP in propped fractured cores at different
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experimental temperature increases, the oil recovery factor in-
creases as well. This is primarily due to the significant reduction in
heavy oil viscosity with higher temperatures. The most substantial
decrease in oil viscosity occurs when the temperature rises from 55
to 70 °C, resulting in the largest increase in oil recovery. On one
hand, the increase in temperature reduces crude oil viscosity and
enhances the diffusion effect, which is beneficial for improving oil
recovery. On the other hand, it decreases the solubility of CO, in
heavy oil, as shown in Fig. 17. At the same saturation pressure, lower
temperatures result in a higher dissolved gas—oil ratio, while rising
temperatures accelerate the movement of CO, molecules,
increasing the distance between them and ultimately reducing the
CO; content dissolved in the heavy oil. However, under the condi-
tions of this study, the reduction in crude oil viscosity with
increasing temperature, which improves the heavy oil mobility, is
clearly the dominant factor.
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Fig. 18. Oil recovery factor of CO, HnP in propped fractured cores at different injection
pressures.

121

Petroleum Science 22 (2025) 1200—1213

The oil recovery factors of CO, HnP in propped fractured cores
with different injection pressures are shown in Fig. 18. As the in-
jection pressure increases, the oil recovery factor also increases.
When the CO, injection pressure reaches 22 MPa, the recovery
factor reaches 41.61%. Higher injection pressure allows more CO, to
be injected during the injection stage of the HnP process, increasing
the diffusion coefficient of CO, and enhancing the diffusion effect
during the soaking stage. This results in more CO, diffusing into the
matrix farther from the fracture. Additionally, injecting CO; at high
pressure helps maintain fracture openness, an effect that may be
more pronounced in unpropped fractured cores. In actual oilfield
production, increasing the injection pressure during CO, HnP op-
erations can also induce the extension of natural fractures in the
reservoir, increasing the contact area between CO; and the crude oil
in the matrix, reducing flow resistance for oil moving from the
matrix to the production end, and thereby improving the oil
recovery.

4. Conclusions

The role of propped and unpropped fractures on CO, huff-n-puff
is elucidated through NMR production dynamic analysis of single
fracture and fracture-free cores. A relationship between the
apparent permeability of the fractured core and the fracture aper-
ture is derived. This relation provides a quantitative description of
the impact of fracture properties on CO, huff-n-puff method. The
following conclusions can be drawn from this study:

(1) The presence of the fracture in the core significantly en-
hances both the oil recovery and the oil recovery rate during
the early and middle stages of the CO, huff-n-puff produc-
tion step. The cumulative oil recovery is increased by 7.68%
compared to the fracture-free core. Fractures increase the
contact area between CO, and heavy oil, hence promote gas
dissolution and improve oil flowability. Additionally, CO, can
rapidly fill the fracture during the injection stage and
transmit pressure to the matrix, facilitating the rapid CO,
diffusion during the soaking stage. Subsequently, fractures
enhance the extent of oil recovery from micropores, small
pores, and mesopores as well as reduce CO, consumption
ratio. However, this study only focuses on small-scale frac-
tured core huff-n-puff experiments. Future research should
focus on larger-scale experiments, more complex fracture
networks, and the use of numerical simulations or improved
laboratory hydraulic fracturing techniques to better under-
stand and replicate the effects of real hydraulic fracture ge-
ometries on CO; huff-n-puff performance.

(2) The oil recovery factor of CO, huff-n-puff in propped fracture
cores are higher than those in unpropped fracture cores. As
the confining pressure increases, the oil recovery factor in
fractured cores noticeably decreases. The fracture closure
under pressure and the compression of the matrix pore
throats lower the core apparent permeability and reduce the
oil recovery factor. The reduction in oil recovery factor is
more pronounced in unpropped fracture cores. When the
confining pressure increases from 20 to 40 MPa, the oil re-
covery decreases from 34.72% to 27.61%.

(3) Based on the revised local cubic law, the apparent perme-
ability of fractured cores is expressed in terms of the fracture
aperture. As the confining pressure increases, the fracture
aperture significantly decreases. Under a confining pressure
of 40 MPa, the fracture aperture of unpropped fracture core
reduces to 21.21 pm, and the oil recovery factor is at its
lowest level. Therefore, future research should focus on the
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dynamic closure process of fractures under high stress and
how to maintain the fractures open for extended periods.
(4) The increase in crude oil viscosity leads to a decrease in CO,
huff-n-puff oil recovery. When using Oil sample #3, the re-
covery factor decreases to 21.17%. Both temperature and
pressure increases can improve the CO, huff-n-puff oil re-
covery, with temperature having a more significant impact.
One of the key factors in enhancing the oil recovery of CO,
huff-n-puff in low-permeability heavy oil reservoirs is
improving the flowing capability of the heavy oil.
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